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Both electron impact- and laser ionization-mass spectrometry
have been used to probe the material spalled from Can surfacas by

the fundamental(1.06pu) and harmonic (355 nm and 266 nm) outputs
frem a Q-switched Nd:YAG laser. We have identified a number of gas
phase products, Including Ca, CaF and tentatively, CaFyp, and have

measured their translational and internal energy distributions.

Cur results suggest that while the 1.06 expaeriments can be
acequately modeled in terms of a single damage mechanism (likely
avalanche breakcown), the short-wavelength results suggest the
orset of second mechanism, perhaps muitiphoton absorption. This is
ccrsistent with both the observed bimodal velocity distribution
fc.owing short-wavelength damage, and with the dacrease in CaF
vitrational and rotational excitation.

1. Intrccuction

Experimental studies of laser induced damage in optical materials have
traditiona.y concentratad? on phenomenology of the process: damage thresholds, and
physical ard bulk material properties effecting these thresholds. Maore recently,
consideratile attention®3 has been given to the mechanisms responsible for damage,
and to the molecular phenomenae assoclated with the damage process.

In this work we describe a study of the interaction of relatively high-fluence
laser pulsas (4210 J/crnz) with a (nominally) transparent optical medlum. We have

used boih cunventional eiect:on impact lonization (with quadrupole mass
discriminaton) and RIM3 (Rasonanca lonization Mass Spectrometry) with
time-of-fight detection as diagnostics for investigating the sputtered material
prcduced from laser-solid interactions. RIMS4 is a form of laser-ionization mass
spectrometry which takes advantage of available laser-based multiphoton ionization



schames for the seleclive detection of atoms and smail molecules. CaF2 was chosen

for this study since it is a common dielectric used in UV ard soma vis-IR optics, and
may be treaicd as a prototype system for these studies. The objective of this work
was to obtain information about the laser-solid interaction through measurement of

the chemical and velocity distributions of the particles ejected from the surtace
during damage. 7

2. Experimental.

£
All damage experiments were monitored by mass spectrometry, using one of two

mass spectrometer/ionization systems: a quadrupole apparatus equipped with
elactron impact ionization, and a time-of-flight apparatus:in which multiphoton
photoionization was used. The source region of the quadrupcle mass spectromater
(Extrel, C-50) was equipped with an axial ionizer modified5 to allow the high

intensity laser beam to pass through, Fig. 1. Primary ions produced by the damaging
laser were detected by turning off the electron impact ionizer, while survey eiectron
impact mass spectra were typically acquired at an energy of 75 eV. A basa pressure
of <1 x 10°8 Torr was maintained by an ion pump. The time-of-flight mass
spectrometer was moditied®7 to permit optical access by both the damaging and
interrogation laser beams. This latter aoparatus was used to measure velocity
distributions, and to provide optical spectroscopic idantification of the ion

precursors. Details have been presented alsewhera® 7. A base pressure of s1 x 1077
Torr was maintained by a L-N, trapped ol diffusion pump.

The CaF, substrates were polished flats (Janoc Ogtical or Harshaw), 1.9 cmin
2

diameter and 3 mm thick. Each sample was cemented to a 15-¢cm stairiless steel rod
for mounting within the mass spectrometer vacuum can. The substrates were placed
near (1.5-3 cm) the axis of the mass spectromater flight tube, and were manipulated
by mounting tha rods on a rotation-push/pull vacuum feedthrough (Varian Model
1371). The samples were rotated at ratas of 1 revolution/15 rainutes to 1
revolution/A0 minutes, o that a fresh surface was continualy exposed to the laser
beam.

Cptical damage was initiated by either the fundamental (1.0641), or frequency

bipled (355 nm) or quacirupled (26€ nm) output of a Nd*+3:YAG laser (Quanta
Ray/Spectra Physics Model DCR 1A). The laser was equipped with filled-beam optics,
and produred 2 beam whaosae spatial profile is somewhat more sharply peaked than for
a gaussian beam. The Q-switched output was 10 nsec FWHM in duration, and smoath
within the resolution of our electrunics (=2 nsec).

The timing sequenca was initiated by the Q-switch synch-out from the YAG laser.
When using the quadrupole mass spectromaeter, this signal triggered a boxcar averager
(PARC 162/164) gated to accept signal frorm 10-100 psec after the laser pulse. In
expriments using the time-of-llight mass spactrameter, the YAG laser synch-out
was passed through a variable delay (Tektronix 7904/7885), a pulse generator (BNC
8010) and then tn the trigger of a XeCl excimer laser (Lambda Physics EMG 101). The
UV output from this laser was used to pump a tunable dye laser (Lambda Physics FL

2002) which could then probe, via multiphoion lonization, the material spalled by the
laser damage event. The identity of the spalled material could be determined by
varying the ionization wavelength, while the velocity distribution could be measured



" by changing the dolay between the damaga and interrogation lagers. The boxcar
gatewidth for these expariments was 500 nsec, which provides a mass resolution of
=J au.
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Figure1. Schematic of the exparimental apparatus used for survey mass
spectrometry. For details on time-of-flight apparatus, see ref. 7.

3. Results

Survey mass spectra ware taken with the quadrupole mass spectrometer. Fig. 2
shows the spectrum generated with the electron lonizer turned off. It is dominated
by the Ca* peak (40 au), with satallites observed at 42 and 44 due to isotopic
variants, and very small contributions due to CaF* (59 au) and F* (19 au). With the
electron impact ionizer turned on (75 eV energy), we generated the mass spectrum
shown in Fig. 3. This spectrum is the result of a manual background (no laser)
subtraction from the observed (laser damage) spectrum. Note the scale change on
these figures, which reflects an obvlous propensity {or the desorption/ablation of
neutral specles In preference to ions. Even allowing for a reduced detection
efficiency for lons formed outside the narmal lonization region, we estimate the

ratio M/M* 1o be 2100.
' The signals observed In Fig 3 can be divided Into two types: thuse originating
from the substrate material, and those likely assoclated with surface contaminants.
For the former, a large 40 au peak Is again observed, indicative of Ca*. In this case
wae also observe a substantial peak at 59 au, and a large peak at 19 au. The latter
suqggests that F atom removal is a high probabllity process, In agreement witn other
observation®, Although we see no avidence of Can“. this does not mean the CaF, is

not being sputtered from the surface. Indeed, a large body of evldenceg'wsuggests
that CaF Is the dominant thermal evaporant. The reason for our non-observation of
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Figure 2 Survey mass spoactrum of primary ions (no electron impact ion:zer) produced

by 266 nm damage on CaFj at 15 Jrem?2 (10 nsec pulse)

CaF,* 1s that elactron impact onization 12 proguces predominately CaF*, and. at
highar enargies, Ca* from the parant motacule. The observed CaF* ana Ca* sigrais

aro thus likely due to both direct 'onization of Ca and CaF (see below), and to

combired ionizatiorvfragmentat.on of CaF,. A number of other minarity species
{<0 1%) can be observed at higner sansitivity, and are largely consistent with previnus

c:bz‘.tal'v:mons1 3.
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Figure 3. Survey mass spectrum of neutral spec'es (lonized by electron Impact)

spalled from the Ca”; surface. Conaitions ‘dentical to Fig. 2.



Among the impuriues tautinely ohsarved in the alectron impact mass snhocira are
a large peak at 44 au, prasumably CO,. 2 peak at 28 due to CO (or Nj), the water group
at 16,17 and 18 au, and a very weak signal at 12 au. We havu not determined the
identity of this last constituent, but it is a frequently observed signal in this

apparatus. These results are consistent with the known14:15 ltendency of water to
adsorb on CaF, surfaces.

Results from the laser damage/laser lonizatiord experimants in thy ToF mass
spactrometer yiald signilicant additional Information. First, since the multiphoton
lonization procoss is resanantly enhanced, the excitation (ionization) spectrum can be
used to detarmine the precursor for a particular ion, And second, by varying the time
delay between the damage and interrcgation pulses, the velocity distribution of the
spalled material can be obtained.

The Ca* abserved in the laser ionization experiments is produced from atomic Ca
by a "2+1" (photons to resonance + photons to ionize) process7 through the enhuncing
1Po° state at 37238 cm’!, Similarly, the CaF* obsarved in this set of experiments is
darived from CaF by a 2+1 ionization process through the F2[1 state (Ty=37550 cm'1).
These particular ionization paths were choson so that both species cou'!d be datected
with the same laser dye. While thase rasults indicate that at least some of the
ablated matarial is directly spalled as Ca and CaF, we have no direct evidence as to
what fraction spalls as fragments, and what fraction as CaF, molecules. Neither the

previously mentioned electron impact spectra, nor the optical lonization currently
under discussion is sensitive to CaF,. We can only infer from thermal vaporization
studies? 10 that a substantial fraction is likely to evaporate as molecules.

Additional information was obtained by measuring both the internal and
translational energy distribution of the the spalled Ca and CaF. Velocity distributicns
were measured by varying the time dolay between the damage and ionization (probs)
lasers. The internal eriergy coment of tha CaF radicals was prabed by varying the
wavelength of the ionization (dye) laser, so that an excitation spectrum was obtained.
Damage was initiated at the fundamental (1.061), and fraquency tripled (355 nm) and
quadrupled (266 nm) wavelengths. The results were found to be dependent on
wavelength and may be summarized’ as follows:

a. For 1.06.! irradiation, we observed thermal (850 K) velezity distributions for
both Ca and CaF. In addition, the CaF radical exhibited significant amounts of
internal (rotational and transiational) excitation, consistent with an internal
"temparature” of =1 03K.

b. For both 355nm and 266nm irradiation, the velocity distributions were
bimodal, Fig. 4, with a fraction (s50%) of ‘he spalled material exhibiting very high
(4000 K) kinetic temperatures, while the remainder exhibited a temperature
__similar (800-1000 K) to that observed for the 1.061t experiments. Note that the
flight times exhibited in Fig. 4 are for optical time-of-flight (from CaF5 surface
to interrogation zone) and not the flignt time in the mass spectrometer flight
tube. In addition, both tne vibrational and rotational temperatures of the CaF
radicals decreased with decreasing damage wavelangth.
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Figure 4. Optical time-of-flight distribution (o) for Ca spalled from CaF3 surface at
266 nm, 15 J/icm?2: a) shows individual fast (4000K) and slow (850K) components for
comparison with data, b) shows overall composite fit of fast (33%) and slow (67%)
componants.

4. Discussion

In regard to the characterization of the process of laser sputtering, or laser
damage, the tarms "thermal® and "elactronic” have been used to describe different
mechanisms of particle ejection from substrate surfaces in the hope of categorizing
the numerous possible procosses '€, Thermal normally implies vaporization from a
transiently heatad surface, while electronic sputtering refers to a collection of
processes commonly associated with the creation of electronic defects eventually
leading to particle ejection. Such defects might include those resulting from direct
interaction of the incident light with a surface atomn or diffusing defects such as hole
pairs. Such processes often lead to sudden bond rupture, and may lead to highly
nontharmal velocity distributions In the ejected particles”. Indeed, the observation
of nonthermal energy distributions have been used to infer the existence of a number
of laser-material Interactions'8, including direct photodissociation and election of
surface material9, 1tis important to note, however, that some electronic '
sputtering mechanisms do lead to ejected particies with thermal velocity
distributions20,




Our results do not necassarily p .int to a sing!e machanism in the initiation of the
breakdown avent, but are significant from the standpoint that a change in machanism,
l.e., an opening of a sacond channel at high photon anergy, s indicated. The kinatic
lemperatures and qualitatively similar estimates of the CaF internal energies observed
at 1.08 argue for a thermal or sonic mechanisrn, possibly Initiated by avalanche
breakdown. In addition, It is tempting to spoculatd that absorption at this long
wavaelength is due to a physical or chemical defect in the substrate, since direct
excitation of the crystal would imply simultaneous absorption of a large number of
photons. The rasults at shortar wavelongths suggest a mora diroct photophysical
Iniaraction, whero rapid enorgy deposition is followed by non-adiabatic transitions of
the fragmaents to antibonding states 1921, Such a mechanism can lead to the
nonequilibrium of the various degraes of freedom observed here and also to a
nonisotropic angular distribution of products.
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